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EvidEncE suggests that the lifetime risk of stroke is 
increasing in the past decades, affecting 24.9% of 
all adults aged 25 years or older.1,2 Spontaneous 

intracerebral hemorrhage (ICH) represents an estimated 
10% of stroke, with high rates of associated permanent 
disability and mortality.3 There have been no specific ther-
apies that have clearly demonstrated improvement in clini-
cal outcomes. Supportive management aimed at tight sys-
tolic blood pressure control and pharmacological agents 

such as recombinant factor VII and tranexamic acid have 
all failed to show clinical benefit.4,5 The efficacy of surgi-
cal evacuation remains disputed. The Surgical Trial in In-
tracerebral Hemorrhage (STICH), as well as the follow-up 
STICH II trial, failed to show improvement after prompt 
surgical evacuation versus best medical management.6,7 
The STICH and STICH II trials are often criticized for 
patient crossover from the medical to the surgical cohort, 
and they do not include patients at risk for herniation in 
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OBJECTIVE Spontaneous intracerebral hemorrhage occurs in an estimated 10% of stroke patients, with high rates of 
associated mortality. Portable diagnostic technologies that can quickly and noninvasively detect hemorrhagic stroke may 
prevent unnecessary delay in patient care and help rapidly triage patients with ischemic versus hemorrhagic stroke. As 
such, the authors aimed to develop a rapid and portable eddy current damping (ECD) hemorrhagic stroke sensor for 
proposed in-field diagnosis of hemorrhagic stroke.
METHODS A tricoil ECD sensor with microtesla-level magnetic field strengths was constructed. Sixteen gelatin brain 
models with identical electrical properties to live brain tissue were developed and placed within phantom skull replicas, 
and saline was diluted to the conductivity of blood and placed within the brain to simulate a hemorrhage. The ECD sen-
sor was used to detect modeled hemorrhages on benchtop models. Data were saved and plotted as a filtered heatmap 
to represent the lesion location. The individuals performing the scanning were blinded to the bleed location, and sensors 
were tangentially rotated around the skull models to localize blood. Data were also used to create heatmap images using 
MATLAB software.
RESULTS The sensor was portable (11.4-cm maximum diameter), compact, and cost roughly $100 to manufacture. 
Scanning time was 2.43 minutes, and heatmap images of the lesion were produced in near real time. The ECD sensor 
accurately predicted the location of a modeled hemorrhage in all (n = 16) benchtop experiments with excellent spatial 
resolution.
CONCLUSIONS Benchtop experiments demonstrated the proof of concept of the ECD sensor for rapid transcranial 
hemorrhagic stroke diagnosis. Future studies with live human participants are warranted to fully establish the feasibility 
findings derived from this study.
https://thejns.org/doi/abs/10.3171/2021.4.FOCUS21121
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which surgical evacuation is a lifesaving intervention. Al-
though ongoing trials such as ENRICH and MIND may 
affect indications for ICH evacuation in the near future, 
improvements on the diagnostic front may allow for rapid 
field diagnosis and prehospital triage, which has the poten-
tial to improve patient outcomes.8

The current paradigm for stroke diagnosis requires CT 
or MRI prior to intervention to confirm the presence and 
location of the hemorrhage. Aside from the time required 
to transport potential stroke patients to the hospital, cur-
rent national guidelines call for a door-to-imaging time 
of 25 minutes and imaging interpretation by a physician 
within 45 minutes.9,10 Delays in patient transportation and 
imaging may contribute toward increased rates of patient 
morbidity and mortality. Portable diagnostic technologies 
that can quickly and noninvasively detect hemorrhagic 
stroke may streamline patient management and reduce 
wasted time in the clinic.

As such, we developed a rapid and portable eddy cur-
rent damping (ECD) hemorrhagic stroke sensor for bed-
side diagnosis of hemorrhagic stroke. This device oper-
ates as an electrical conductivity sensor, since normal 
brain parenchyma is relatively nonconductive because of 
its high composition of fatty myelin (0.2 S/m).11,12 How-
ever, ICH and hematomata are more conductive (0.65 
S/m) than brain parenchyma as a result of higher blood 
concentrations of dissolved ions and charged proteins.11,12 
These differences in conductivity can be leveraged to 
diagnose ICH and develop crude images of a hematoma 
location and/or size. We hypothesized that the ECD sen-
sor could accurately and rapidly detect ICH on benchtop 
testing while achieving acceptable spatial resolution and 
facilitating organized management and triage of stroke 
patients.

Methods
ECD Sensor Construction

Our equivalent circuit model consists of three sensor 
coils paired with capacitors to form electrical resonant 
circuits (Fig. 1), which are similar to the architecture of 
previous ECD sensors used in industry for metal detection 
and crack inspection, consisting of a bridge circuit that 
measures the sensor coil impedance.13,14 Thus, the sensor 
operates as a coil carrying an alternating current, which 
produces a time-varying magnetic field. This magnetic 
field induces an electromotive force that creates a loop-
ing “eddy” current in the conductive material described 
through Ohm’s law. The coil within the sensor is shaped 
like a solenoid, with the number of turns and the wire 
length designed to operate around 1 MHz and produce a 
magnetic field on the order of several microteslas, several 
orders of magnitude lower than that of transcranial mag-
netic stimulation and MRI.15 Each coil is connected to an 
LDC 1101 (Texas Instruments Inc.) chip for inductance-
to-digital conversion of the signal.16 As a result, when a 
conductive target, such as a hemorrhage (0.65 S/m), is 
placed within range of the sensor, eddy currents generated 
within the target produce a counteracting magnetic field, 
resulting in a decrease in coil inductance and an increase 
in coil resonant frequency.11

ECD Sensor Benchtop Model and Image Production
To demonstrate the feasibility of our sensor, we devel-

oped a benchtop intracranial hemorrhage model. We de-
veloped this model using a plastic life-size skull replica, 
gelatin brain parenchyma, and diluted saline to mimic 
blood. The gelatin brain was confirmed to have the same 
uniform conductivity at room temperature as its in vivo 
counterpart, which is 0.2 S/m.11,17 Saline was diluted to a 
conductivity of 0.65 S/m to mimic blood and injected into 
several latex balloons, with the volume of each balloon 
ranging from roughly 30 mL to 50 mL. Eight equidistant 
horizontal scanning rows were marked on the skull rep-
lica with flexible tubing, with the first row just above the 
eyebrows and the last row at the occiput, along which the 
sensor moved to measure and record parallel resistance 
(Rp) values (Fig. 2). Store-bought gelatin was added to 
1000 mL of deoinized water according to the formula 
developed by Kandadai et al. and brought to a boil.17 A 
plastic bag was placed within the plastic skull model such 
that the opening of the bag exited the foramen magnum 
on the skull. Once all the gelatin had dissolved, it was al-
lowed to cool, and the conductivity was measured. Table 
salt was added to the solution to bring the conductivity to 
0.2 S/m. Following placement and scanning of the model, 
data were filtered in MATLAB (MathWorks) software to 
remove high-frequency noise, the collected data from each 
row were downsampled to 8 averaged points, and control 
values were subtracted to produce a differential signal. 
Thresholding was used to improve image resolution such 

FIG. 1. ECD sensor components and construction. Nonconductive 
cylindrical plastic scaffolds (1), copper wire wound as a solenoid around 
each plastic scaffold creating the sensor coil (2), LDC 1101 inductance-
to-digital converting chips connected to each coil (3), USB connection 
from the chip to a local computer (4), and a laptop for signal visualiza-
tion, storage, and analysis (5). Made in ©BioRender - biorender.com.
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that all data points less than 95% of the maximum conduc-
tivity in the heatmap were removed. We used the 8 data 
points from the 8 scanning rows to create an 8 × 8 interpo-
lated conductivity heatmap, with brighter areas indicating 
higher probability of hemorrhage locations.

Results
Sensor Analysis

Using the Biot-Savart law, the maximum calculated 
magnetic fields of the three sensors (at a distance of 0 cm) 
were 0.1786 μT for the largest coil, 1.131 μT for the medi-
um-sized coil, and 7.917 μT for the smallest coil. Using the 
specific heat and power equations with the known current, 
voltage, specific heat of the copper wire, and mass values, 
it was calculated that the minimum time necessary to heat 
the coils by 1°C was 2742.17 seconds.

ECD Sensor Benchtop Experiments
Images produced by this method can all be interpreted 

as axial scans, with true left and true right represented by 
the left of the image and the right of the image, respective-
ly. The raw data obtained after scanning were plotted as a 
heatmap for the 30-mL, 40-mL, and 50-mL hemorrhagic 
models (Fig. 3A–C). The same heatmaps are also shown 
after filtering and thresholding (Fig. 3D–F). Confirmed 
placement of each hemorrhage is shown in Fig. 3G–I, with 
each lesion represented as a red circle. In all benchtop 
skull experiments (n = 16), it was possible to approximate 
the location of the hemorrhage with centimeter resolution. 
The average time spent scanning across the entire head 
with one sensor was 2.43 minutes, at which point enough 
data were collected to produce a predictive conductivity 
heatmap. These results may also be projected onto a 3D 
head model for better interpretation of the hemorrhage lo-
cation (Fig. 4).

Discussion
Preliminary results of our portable ECD sensor for de-

tection of hemorrhagic stroke demonstrate that it is fea-
sible and accurate based on phantom head model simu-
lations. While the technology has been implemented in 
other industries, this has yet to be applied to stroke de-
tection; however, the technology is safe with a minimal 
risk profile.14 By varying the diameter, turn number, and 
length of the coil, it was possible to design several sensors 
with varying detection depths. While further testing and 
technological refinements are certainly necessary prior to 
implementation of this device in the field for direct patient 
care, this represents the first step toward more expedient 
hemorrhagic stroke detection that can streamline deliver-
ing therapeutic efforts.

ECD sensors represent a novel nonionizing stroke diag-
nostic technology. Our preliminary study results suggest 
that ECD sensors may accurately detect ICH rapidly, non-
invasively, and with accurate spatial resolution. In addition, 
the device was portable and compact (11.4-cm maximum 
diameter). For reference, CT head imaging takes roughly 
30 seconds, and MRI for stroke protocol ranges on the 
order of several minutes or longer. Thus, the time utilized 

by the ECD scanner for ICH detection (2.43 minutes) is 
reasonable and can be performed in a field setting long be-
fore admission to the emergency room. Theoretically, the 
ECD sensor may be able to differentiate between ischemic 
and hemorrhagic stroke because the device operates using 
conductivity measurements, which are drastically differ-
ent between normal brain parenchyma (0.2 S/m), hem-
orrhage/hematoma (0.65 S/m), and ischemia (0.1 S/m).11 
However, future randomized controlled trials are neces-
sary to confirm this hypothesis. Nonetheless, ECD sen-
sors demonstrate promise in rapid, portable, and low-cost 
stroke diagnosis and imaging, and future research is nec-
essary to fully demonstrate the utility of this sensor.

Previous research has described several novel medical 
devices for noninvasive stroke detection. Near-infrared 
spectroscopy (NIRS) has emerged as a potential method 
for detecting hemorrhages within the most superficial 2.5 
cm of the head.18 Although NIRS has a moderate cross-

FIG. 2. Skull model and sensor placement for scanning. Upper: Eight 
equidistant rows were created on the phantom head model. The sen-
sor was tangentially rotated across each row, collecting Rp data that 
reflected the brain’s conductivity at that point. Lower: Regions of hemor-
rhage have higher conductivity, and the ECD sensor can identify this 
conductivity change through the skull.
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study sensitivity of 78%, specificity of 90%, positive pre-
dictive value of 77%, and a negative predictive value of 
90%, it has gained FDA approval for ICH detection.19 
Aside from NIRS, volumetric impedance phase-shift 
spectroscopy and microwave-based detection methods of 
ICH have been explored with limited results.20,21 Namely, 
the spatial resolution of these devices is lower than that 
of ECD-based stroke detection devices. In addition, the 
sensors described in this study had an extremely low cost 
($100) and represent the only next-generation stroke de-
vice, other than portable MRI technology,22,23 that is able 
to generate near real-time images of hemorrhagic lesions.

The results of our benchtop experimentation bolster 
the claim that ECD sensors may allow for rapid triage 
and stroke imaging and provide diagnostic information 
accurately in acute neurovascular lesions. With continu-
ing investigation regarding the optimal treatment of ICH, 

diagnostic strategies that reduce the time-to-intervention 
after cerebrovascular accidents continue to be critical. Al-
though the STICH trials demonstrated no appreciable im-
provement in outcomes after prompt surgical intervention 
or best medical management, there have not yet been stud-
ies evaluating patient outcomes after rapid diagnosis with 
next-generation medical devices.6,7 There is no doubt that 
this lack of data can be partially contributed to the recent 
development of novel stroke diagnostic technologies and 
to many device limitations that have yet to be overcome. 
However, as technology and computational resources con-
tinue to advance, rapid diagnostic technologies such as 
ECD sensors should be evaluated to understand the inter-
play between diagnostic time and patient outcomes.

With respect to the neurosurgical management and 
organization of acute stroke care, ECD sensors have the 
potential to facilitate in-field triage and determine whether 

FIG. 3. Benchtop experimental results using the ECD sensor. Each column represents an individual experimental trial. A–C: Raw 
data collected from the ECD sensor after moving across each of the 8 scanning paths for a 30-mL (A), 40-mL (B), and 50-mL 
(C) hematoma. Brighter regions represent higher probability of hematoma. D–F: After filtering and thresholding to remove noise, 
the regions of highest hematoma probability can be seen clearly. G–I: The actual locations of hematoma placement within the 
model. Notably, the ECD sensor is able to accurately locate each hematoma (red circle) and create a preliminary image. Made in 
©BioRender - biorender.com.
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a patient should be transported to a hospital with a stroke 
center and neurosurgical team. Current prehospital triage 
techniques utilize stroke scales such as the Los Angeles 
Motor Scale, which is a simple 3-item rapid, reproducible 
approach, to diagnose severe strokes in the prehospital 
setting.24–26 However, recent evidence suggests that mobile 
stroke unit (MSU) intervention, which consists of neuro-
logical examination, point-of-care testing, and noncontrast 
CT, as well as CT angiography for patients with no ICH, 
may more accurately triage patients with acute stroke.27 
Despite the clear benefits of MSUs, several limitations 
continue to prevent their spread. Namely, the initial setup 
cost for MSUs ranges from approximately $600,000 to 
$1,000,000, and annual operational costs range between 
$950,000 and $1,200,000 for a unit that operates 12 hours 
per day.28,29 Another limitation is the utility of MSUs in 
rural settings; studies have shown that individuals residing 
in rural areas are less likely than those in urban areas to 
receive acute stroke care and imaging within 24 hours due 
to limited resources.29–31 The development of next-gener-
ation stroke diagnostic tools, such as the ECD sensor, has 
the potential to provide cheap, rapid, and portable diagno-
sis and imaging of hemorrhagic stroke in rural and urban 
prehospital settings and to dramatically affect the work-
flow of organized stroke care and patient triage. While 
future advancement of ECD sensors is required, both for 
hemorrhagic and ischemic stroke subtypes, the present 
study has demonstrated the feasibility of these sensors for 
acute hemorrhagic stroke diagnosis. Should ECD sensors 
be proven efficacious for stroke subtyping, they may facili-
tate the workflow for stroke management by allowing for 
prehospital administration of thrombolytics.

Limitations
Several limitations still need to be addressed to es-

tablish the efficacy of this sensor. First, a large trial in 
humans is necessary to demonstrate appropriate hemor-
rhagic stroke detection and imaging, with associated sen-
sitivity, specificity, and receiver operating characteristic 
curve metrics. Second, a thorough investigation of sensi-
tivity to hemorrhagic volume is necessary to assess the 
ability to detect small (1–10 mL) hematomas. Last, fur-
ther sensor optimization, with regard to signal noise and 

scanning depth, may allow for additional resolution and 
increase the accuracy of the device.

Conclusions
Overall, the proof-of-concept benchtop experiments 

shown in this study establish the feasibility of ECD sen-
sors for hemorrhagic stroke detection. These sensors are 
rapid, portable, and affordable, making them potentially 
useful for prehospital triage. Additional multiinstitutional 
studies are required to fully establish the efficacy and ac-
curacy of these sensors for hemorrhagic stroke diagnosis 
and to implement this sensor type within the workflow of 
current organized stroke management.
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